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The gauge-mediated model of supersymmetry breaking implies that stable non-topological soli- 
tons, Q-balls, could form in the early universe and comprise the dark matter. It is shown that the 
inclusion of the effects from gravity-mediation set an upper limit on the size of Q-balls. When in 
a dense baryonic environment Q-balls grow until reaching this limiting size at which point they 
fragment into two equal-sized Q-balls. This Q-splitting process will rapidly destroy a neutron star 
that absorbs even one Q-ball. The new limits on Q-ball dark matter require an ultralight gravitino 
m 3 / 2 ^ kcV, naturally avoiding the gravitino overclosure problem, and providing the MSSM with a 
dark matter candidate where gravitino dark matter is not viable. 
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I. INTRODUCTION 

Supersymmetry is a plausible candidate for physics be- 
yond the standard model. All supersymmetric extensions 
of the standard model include non-topological solitons, or 
Q-balls, in their spectra [1]. In the minimal supersym- 
metric standard model (MSSM) it is the flat directions 
which allow for the existence of Q-balls. In the early uni- 
verse, large Q-balls are abundantly produced from the 
fragmentation of a flat direction condensate. If gauge- 
mediated supersymmetry breaking is present in nature, 
these Q-balls can be absolutely stable [2] and exist today 
as dark matter [3] . The cosmology and astrophysical im- 
plications of Q-balls have been studied by a number of 
authors [4-38]. 

Even within the gauge-mediated paradigm however, 
the effects from gravity-mediation come to dominate at 
sufficiently large field amplitude. These gravity contribu- 
tions completely alter Q-ball properties [39, 40]. We will 
assume the most common paradigm for gauge-mediation 
in which there is a hidden supersymmetry breaking sec- 
tor, a messenger sector and the visible MSSM sector, 
all coupled via weak gauge interactions [41-43]. The ef- 
fects of gravity are included by embedding the theory 
in minimal supergravity as done in [44, 45]. The most 
studied particle dark matter candidate in gauge-mediated 
models is the gravitino. However for the gravitino LSP 
to be dark matter there is a lower bound on the mass 
m 3/2 ^ 100 keV [46]. Thus the gauge-mediated scenario 
is devoid of a particle dark matter candidate for very low 
gravitino mass. 

We show that the inclusion of gravity-mediation ef- 
fects causes Q-balls above a critical size to split into two 
equal-sized daughter Q-balls. This immediately elimi- 
nates the "new-type" Q-balls [39] as dark matter candi- 
dates. Moreover, any neutron star that encounters even 
one Q-ball in its lifetime will be rapidly consumed by the 
exponential growth of Q-balls coming from this splitting 
process. For Q-balls to be dark matter, neutron star life- 
times require m 3 / 2 ^ keV, giving the MSSM a natural 
dark matter candidate in a regime where gravitino dark 
matter is not viable. Such a light gravitino mass nat- 



urally avoids the gravitino overclosure problem without 
any constraint on the reheating temperature [45]. Note 
however that it has previously been pointed out that 
the existence of flat-directions in supersymmetric theo- 
ries may by itself solve the gravitino problem through late 
thermalization after delayed inflaton decay [47], thereby 
substantially lowering the reheating temperature [48]. 

The remainder of the paper is organized as follows. In 
Section I. we show that the effects of gravity alter Q- 
ball properties, which forces a sufficiently large Q-ball to 
split in two. In Section II. we consider the effects Q- 
balls on neutron star lifetimes and deduce stringent new 
bounds on Q-ball dark matter and the gravitino mass. 
We conclude in Section IV. 



II. THE Q-SPLIT 

Although we assume a gauge-mediated model of su- 
persymmetry breaking, the effects of gravity cannot be 
neglected at sufficiently large VEV. Radiative corrections 
to the flat directions of the MSSM dictate the form of the 
potential [3, 8, 39] 
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where m 3 / 2 is the gravitino mass, K is constant coming 
from one-loop corrections, and M s is the supersymmetry 
breaking scale. The properties of the Q-ball change dra- 
matically when <fr becomes so large that gravity effects 
are comparable or dominate. At small VEV only the 
gauge-mediated effects are relevant and the second term 
in Eq. 1 can be ignored. In this regime the Q-ball is of 
the gauge- mediated type with mass Mq(Q) ~ M S Q 3 ^ 4 . 
To be stable a Q-ball must not decay into fermions, 
scalars or other solitons. The Q-ball is by construction 
the state of minimum energy with respect to the scalars. 
The stability of Q-balls with respect to fermionic modes 
of decay depends on their baryon number. So long as 

Q ^ Qst = d Gev ) ~ ^ e decay into fermionic 
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baryons will be kinematically forbidden. The final check 
on stability should be with respect to the solitonic sector. 
We must check that the mass of a single Q-ball of charge 
Q is less than the mass of two Q-balls each with charge 
Q/2. For Q-balls of the gauge-mediated type (when only 
the first term in Eq. 1 is relevant) it is the fractional 
power of the mass-charge relation that guarantees this 
for all Q. Thus the gauge-type Q-balls are rendered com- 
pletely stable for sufficiently large Q. 

The new- type Q-balls are stable with respect to 
bosonic and fermionic modes of decay [39] , but not with 
respect to decay in the solitonic sector. Gravity effects 
become important when <ft > <p eq = M 2 At such a 
point the mass of the Q-ball becomes 



M H (Q) ~ m 3/2 Q. 



(2) 



We can turn a gauge-type Q-ball into one of the new-type 
by dumping enough charge into it, such that the VEV 
becomes comparable to <j) eq . Note the the VEV of the 
gauge-type Q-ball depends on the charge as (ft ~ MsQ 1 ' 4 . 
In other words the critical value of Q for which new-type 
Q-balls form is 
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It is apparent then that M H (2Q spUt ) > 2M G (Q apHt ), 
which implies that all hybrid-type Q-balls immediately 
split into two equal sized gauge type Q-balls. Thus the 
hybrid-type Q-balls as envisaged in [39] cannot be dark 
matter since they immediately fragment into Q-balls of 
the gauge-mediated type. 

The Q-split has important ramifications for the con- 
straints on gauge-mediated type Q-balls as well, requir- 
ing Q < Q spin- Even in the absence of the astrophysical 
limits that follow, the existing Super-K limit on Q re- 
quires Q > 10 24 which already imposes the interesting 
limit m 3/2 < 1(T 3 GeV. 



III. ASTROPHAGE FROM THE Q-SPLIT 

While although ordinary stars and planets are insuffi- 
cient to stop Q-balls that pass through them, a neutron 
star can [14]. The physics of a Q-ball in a neutron star has 
been studied before [13, 25]. Here however we include the 
dramatic effects of the Q-split. The authors [25] showed 
that phenomenologically acceptable Q-balls must have 
higher dimensional operators which violate U(1)b sym- 
metry and thus limit Q-ball size to be below a certain Q cr 
depending on the flat direction. In the remainder of the 
paper we assume a flat direction for which Q sp ut ^5 Qcr 
such that we may ignore the effects of higher dimensional 
operators. 

Once a neutron star captures its first Q-ball, a dra- 
matic transition occurs in a short time period. After 
stopping in the neutron star the size of the Q-ball grows 
as it imbibes neutrons. The Q-ball eventually splits when 




m 3/2 [GeV] 

FIG. 1: The bottom half of the plot is excluded because these 
Q-balls would destroy neutron stars too rapidly (See Eq. 12). 
The top half of the plot is excluded by Eq. 15. The diagonal 
upper-right slice is excluded by the Q-split process, Eq. 3. 



Q ~ Qsp and the daughter Q-ball themselves grow to 
split further. Note that in contrast with previous stud- 
ies [13, 25] the final state is neither a giant Q-ball nor 
a black hole, but rather a gravitationally bound ball of 
Q-splits. 

The growth of the Q-ball towards the Q-split solution 
is complicated by the fact that the Q dependence of the 
Q-ball radius interpolates between R gaU ge ~ Mg 1 Q~ 1 / 4 
and Rgrav ~ | A'l -1 ^ 2 ™^, as it transitions to from a 
gauge-type to gravity-type solution [8, 9, 16, 39]. We 
expect the difference between these two solutions to be 



maximal when R 
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gauge, 



which occurs at Qr 



\K\~ 2 Q sp - Since \K\ < 0.1 we expect R gauge to be a 
good approximation of the true Q-ball radius even as it 
approaches the Q-split. 

Assuming that the growth rate is the same as the rate 
at which baryons fall on the Q-ball surface, we have 
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where n ns ~ lO" 3 GeV , v ~ 10" 3 , and a ~ 10" 5 GeV 3 . 
However it was argued in [25] that realistically one must 
include the fact that a Q-ball converts nucleons to their 
respective antiparticles [24], the annihilations of which 
create a large pion pressure in the vicinity of the Q-ball. 
In this case the rate of baryon absorption is determined 
by the relative pion and neutron pressures. This is equiv- 
alent to substituting a in the above for the hydrodynamic 
corrected a' ~ 10~ 7 GeV 3 . 

After a time t sp ut the Q-ball of initial size Qo will have 
grown to a critical size for the Q-split to form: 
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When Qo "C QspUt the time until the first Q-splitting 
occurs is independent of the initial charge of the Q-ball. 
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For neutron star densities the time scale is quite short 

Once the Q-split forms inside the neutron star its fate is 
determined. From this point forward the number of Q- 
balls grows exponentially. A Q-split forms two smaller Q- 
balls each of charge QspUt/2- Then each of these grows in 
a time roughly t sp ut to fragment again. This process con- 
tinues until all the baryonic fermions have been converted 
into squarks. We call this process astrophage 2 since the 
Q-ball will consume the entire neutron star. The baryon 
number inside the Q-balls of the neutron star grows as 

N Q (t) ~Q spin 2*/*«"«. (7) 

As a simple example consider a Q-ball with parameters 
Q ~ 10 24 , M s ~ 1 TeV, and m 3/2 - 1CT 4 GeV. In this 
case every neutron inside the star is converted to squarks 
in a time 

u ~ H log (tt^) ~ 102 (8) 

log 2 \Q spin J 

Combining this with our expression for the Q-splitting 
timescale, we see that lifetime of a neutron star once 
astrophage starts is 

The limiting factor in this analysis is the Q-ball cap- 
ture rate of a neutron star. For sufficiently large Q-balls 
the number density is so low that none ever encounter a 
neutron star in a cosmologically relevant time scale. The 
flux of dark matter Q-balls is 

FQ ~ ^M Q ~ Qm { m;) ^ s sr , (10) 

where pou = 0.3 GeV/cm 3 and v ~ 1CT 3 . The time for 
a neutron star to capture one Q-ball is roughly 



' cap 4«R% S F Q > 

where a typical neutron star radius is Rns ~ 10 km. The 
age of the oldest neutron stars come from millisecond 
pulsars which typically have a characteristic age of order 
10 Gyr [49-51]. Phenomenologically acceptable Q-balls 
must have r cap > 10 10 yr. We can rccxprcss this is a 
limit on Q-ball size: 

<3>io-(^) 4 ' 3 . (12) 



2 Prom the Greek, darpou = star, and ipd-yeLV = to cat. 



Thus Q-balls that are sufficiently heavy have such low 
fluxes that they have never been captured by a neutron 
star and arc therefore not excluded by the astrophage 
process. Thus the allowed Q-balls are those that satisfy 

10 43 \J^J < Q < Q sp uf (13) 

This can be turned into a upper bound on the grav- 
itino mass for phenomenologically acceptable Q-ball dark 
matter 




IV. NEW CONSTRAINTS ON Q-BALL DARK 
MATTER 

We summarize the new constraints on Q-ball proper- 
ties in Fig. 1 for M s ~ 1 TeV. In this plot the upper limit 
on Q-ball size is given by the Q s V m size in Eq. 3. All Q- 
balls below a certain size are captured by neutron stars 
and therefore excluded, Eq. 12. Altogether the viabil- 
ity of Q-ball dark matter tightly constrains the gravitino 
mass and the minimum Q-ball baryon number (see Ta- 
ble I) . With an ultralight gravitino there is no bound on 
the reheating temperature and the gravitino problem is 
naturally avoided [44, 45]. The existence of an ultralight 
gravitino can be discovered at the LHC [52, 53] and pro- 
vide compelling evidence for the above scenario. The ex- 
istence of Q-balls for such low gravitino mass is beneficial, 
since thermal gravitino dark matter requires m 3 / 2 > keV, 
yet Q-ball dark matter is viable when m 3 / 2 < keV. More- 
over in this scenario the new lower limit on the baryon 
charge Q > 10 43 is too large for the baryogenesis through 
partial Q-ball evaporation as envisioned in [15, 19]. 

The production of such large Q-balls from the primor- 
dial condensate fragmentation is not difficult [54, 55]. 
Kasuya and Kawasaki have performed 3D lattice simula- 
tions of Q-ball formation in gauge-mediation and shown 
that the simple scaling relation for the largest charge 
formed from AD fragmentation holds quite well Q ~ 
10~ 3 (<f) /Ms) 4 . To form Q > 10 43 Q-balls thus requires 
4>o > 10 12 GeV, which is a modest constraint since large 
amplitude in AD models is not difficult to obtain [23, 55]. 
Note that subplanckian field amplitudes imply that the 
charge can be as large as Q < 10 57 . Though such large 
charges are possible initially, these super-Q-split states 
will rapidly decay into a large number of gauge-type Q- 
balls. 

All bounds on Q are given in Table I as a function 
of the supersymmetry breaking scale M s . We report 
the phenomenological bounds Q m in ^ Q Qmax, us- 
ing Qmin — max (Qexp: Qast) and Qmax — Qs P , where 

Qexp is the lower limit on Q from direct search experi- 
ments such as Super-K [56, 57], Q as t is the limit (Eq. 12) 
that avoids astrophage, and Q sp is (Eq. 3) the charge at 
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which a Q-split is formed. Table I also includes m™£ x , 
the maximum allowed gravitino mass consistent with the 
astrophage constraint on Q-ball dark matter. This makes 
the improvement over direct search experiments appar- 
ent as the astrophage limits represent a nearly 20 order 
of magnitude improvement in the bounds on Q. The up- 
per bound Q m ax w iU be of order Q sp when m 3 / 2 takes 
the smallest possible value. In gauge-mediation the grav- 
itino mass is generally 77x3/2 ~ h 2 DSB /Mp, where Kusb 
is the scale at which the gauge interactions in the SUSY- 
breaking sector become strong. In such a scenario the 
gravitino mass may be as low as 0(eV). In this limiting 
case the critical Q-split charge can be as large as 

Qmax ~ 10 48 (M s /TeV) 4 . (15) 

From Table I one can see that the bounds get progres- 
sively weaker as the supcrsymmetry breaking scale in- 
creases. 

TABLE I: Bounds on charge Q for Q-ball dark matter as a 
function of supersymmetry breaking scale. Each limit also 
places an upper limit on the gravitino mass. The most up-to- 
date experimental bounds on Q are reported in [56]. 



M s 


max 
m 3/2 


Qexp 


Qast 


Qmin 


Qmax 


1 TeV 


10 eV 


10 24 


10 43 


10 43 


10 48 


10 TeV 


200 eV 


10 23 


10 42 


10 42 


10 52 


100 TeV 


5 keV 


10 22 


10 40 


10 40 


10 56 



some gamma-ray bursts [13]. While although nearly all of 
the phenomenologically viable parameter space for dark 
matter Q-balls excludes the possibility of such destabi- 
lization in our universe since all neutron stars would be 
destroyed, the flux of Q-balls may be low enough that 
only a fraction of neutron stars are destroyed. Two pos- 
sibilities for such a scenario exist: dark matter Q-balls 
(CIq <~ 0.2) which are very close to the Q ~ 10 43 limit for 
neutron star capture may not destroy all neutron stars 
but merely some fraction of them; or Q-balls for which 
VIq <C 1 would also not be captured by neutron stars at 
too high a rate. As the Q-splits rapidly consume the 
neutron star, the mass decreases below the minimum 
neutron star size M TO j„ w 0.2M Q , at which point the 
star explodes. The newly free neutrons decay into pro- 
tons, electrons and neutrinos which subsequently produce 
gamma-rays. The total energy released in such an explo- 
sion is roughly 10 54 crg. It has been previously noted 
[13, 58] that for such a scenario to account for gamma- 
ray bursts the dying neutron stars must be located at 
around z = 1 — 2. Though the precise details of such 
an explosion are beyond the scope of the present work, 
we can say that the gamma-ray bursts produced in this 
way will be long-duration, produce no afterglow and be 
should be correlated with the dark matter distribution. 
Note that the present data on gamma-ray bursts does 
not exclude such a correlation [59] . 



V. CONCLUSIONS 



One can weaken the constraints on Q-ball dark matter 
by revoking our original assumption of embedding the 
MSSM in minimal supergravity. If nature favors no-scale 
supergravity or supergravity with Heisenberg symmetry 
then the gravity correction to the flat direction poten- 
tial does not exist [44]. In this case then the gauge- type 
Q-ball solution persists to arbitrarily large field values 
and the astrophage of neutron stars never occurs. The 
best constraints on such Q-balls come from Super-K and 
MACRO [14, 56, 57]. The best prospect for detecting 
(or improving experimental bounds on) these states may 
come from the anomalous neutrino flux produced from 
the terrestrial passage of such Q-balls. [38]. 

Lastly, let us comment on the observational conse- 
quences of a destabilized neutron star. It has been pre- 
viously suggested that a similar process of Q-ball pre- 
cipitated neutron star destabilization may account for 



We have shown that gauge-mediated Q-balls have an 
upper limit to their size due to the effects of gravity. Q- 
balls of this critical size will fragment into two daughter 
Q-balls of equal sizes. For those Q-balls that become 
trapped inside a neutron star, consumption of the entire 
star in an extremely rapid process. All such Q-balls are 
excluded by the observation of pulsars of age 10 Gyr. 
An ultralight gravitino mass m 3 / 2 ~ 10 eV is required 
for Q-balls to be an acceptable dark matter candidate 
and avoid astrophage. This naturally avoids the usual 
gravitino problem and sets no bound on the reheating 
temperature. Moreover an ultralight gravitino may be 
found at the LHC [52, 53]. If Q-balls are sufficiently rare, 
their flux may not destroy all neutron stars and thereby 
account for some long-duration gamma-ray bursts. 

The author thanks Alexander Kusenko for very helpful 
discussions. 
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